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Abstract. The first unambiguous detection of meteoroids impacting the night side
of theddaov  as obtained during the 1999 Leonid storm. Up to eight optical flashes
were recorded with CCD video cameras attached to small telescopes on November
18, 1999. Six impacts were videotaped by at least two independent observers at the
same times and lunar locations, which is perhaps the strongest evidence for their
collisional nature. The flashes were clearly above the noise and lasted for less than
0.02 s. Although previous observational efforts did not succeed in detecting impact
flashes, additional candidates have been reported in the literature. The evidence
accumulated so far implies that small telescopes equipped with high speed cameras
can be used as a new tool for studying meteoroid streams, sporadic meteoroids,
and hypervelocity collisions. In this review we discuss the various intervening pa-
rameters for detectability of flashes on the night side of the do(geometrical
effects, contamination by scattered light from the day side, and properties of the
meteoroids such as speed and flux of particles). Particular emphasis is placed on the
analysis of the observations in order to derive relevant physical parameters such as
luminous efficiencies, impactor masses, and crater sizes. Some of these parameters
are of interest for constraining theoretical impact models. From a simple analysis, it
is possible to derive the mass distribution of the impactors in the kg range. A more
elaborate analysis of the data permits an estimate of the fraction of kinetic energy
converted to radiation (luminous efficiency) if the meteoroid flux on the ddds
known. Applied to the 1999 lunar Leonids, these methods yield a mass index of
1.6 + 0.1 and luminous efficiencies of 2 x 10™° with an uncertainty of about one
order of magnitude. Predictions of visibility of the major annual meteor showers are
given for the next few years. These include the forthcoming 2001 Leonid return, for
which we estimate detection rates in the visible.

Keywords: Hypervelocity impacts, Leonids 1999, luminous efficiencies, lunar craters,
meteoroids, meteors, Mo

1. Introduction

Thearc h for meteordimhpacta atmosphereldsedies has at-
tracted some terest because of its potential for deriving information
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576 BELLOT RUBIO ET AL.

on the physical properties of the impactdes hemicabsition, den-

sity, structure, etc), their makistribution and fluxes, and, ev  en, the
properties of the target surface materidllanets and satellites ma vy
be regarded as huge detectors whawllecting areas pernilte obser-
vation of very large meteoroids m  uch less tithkean that required

by ground-based monitoriagthe Earth’s atmospheta.this regard,

the dhois the first natural body to scrutinize, not only because it is
the object closest to Earth, but also because the meteorgidpulation

in the neighborhood of the dois reasonably w  ell knodnaine
observation of terrestrial meteollshisplidsat results frdmmar

impactm be directly comparedtdsults froneomn ventional
techniques.
Meteoroiilmpactinge do giv e rise to a variety of essen-

tially different phenomemhat allo their detection. Theseclude
seisnmic  aves, enhancements of the tenuous lunar atmosphemnd
light flashes. Analysit data frame dllp lunar seismiet work
(@%t and Nak amura, 1991) established that the 1974 Leonid shower
produced signals consistent witinpaatf meteoroits the mass
range froinl to 1 kg. Othereteshro wers could also have been
detected by this network. Transient enhancements in the constituents
of the tenuous lunar atmosphena.  y reveal the occurrence of meteoroid
impacldhiocannot retain an y gaseous species for a long time,
so continuous resupply is necessary. Impact-driven vaporization has
been proposed as the mdgk ely source of sodivand potassium
the lunar atmospheamd indeed significan  t increases in lunar sodium
were detected at the timfethe 1997 and 1998 Leonids (Hun  ten et al.,
1998; Verani et al., 1998; Wilson et al., 1999). However, monitoriog
the dMioduring other metedo wers such as the Quadrantids did not
reveal any variation of sodiumthe atmosphdié erani et al., 1999).
It has been knotar sotiditeat impacfsmeter-sizbddies
on the dhoshould cause optical flashes detectable wiphotometer
technology (Melosh et al., 1993), but the population of objects that
are big enough is lawd no unam  biguous impaltdshes ha  ve been
recorded. Inspired by the successful detection of com$hoemak  er—
Levy 9 collision widlipiter in 1994, a systemasiarc h for fainter
events on the dhow  as started in 1997 using meeasitiv e techniques
based ten CCD  hnology (Ortiz et al., 1999). Although impacts
were unambiguously detected, it was stressed that a sm@lR5trle-
scope could easily observe flashes frometeoroirldeasing energies
well beléw x 10° J in the visible range. It was also pointed out that
the 1999 Leonid stomn ould provide a unique opportunity to record
the optical flashes associated witleteoroidspactinlge dModue
to the greatly enhanced flux of particles expected and the favorable
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geometricahditions of the encoun  ter. Othditemptsdetect lunar
impdldshes include the AILRGHs Metétaarc h progrdrom
1955 to 1965 (see Westfall 1997) and the optical transient survey of the
Moconducted by Beech and Nikolova (1999). Unfortunately, none
of these efforts led to unequivocal observations of light flashes on the
dho

Thiest unam  biguous detection of lunar impdtdshes w  as indeed
obtained during the 1999 Leonid shower. Thesbserv  ations open the
door to the rematasing of objects and ph  ysical processes that would
be diffictidtobserv e otherwibe.particular, lunar impdlshes ma y
provide iorpan  t informatiom the ph  ysics of hypervelocity impacts.
Experimental work has been carried out for low elocity collisions
(e.g., Schultz, 1996, Kadonnd F  ujiwara, 1996), but high velocity
impastec  h as those involving meteoroie m  uch matdhicttt
reproduce in the laboratory. For this reason, knowledgf the ¢ har-
acteristics of such events is primarbgsed on n  umericain  ulations.
Maodtthese studies consider impactofsasteroidal consjtion and,
therefore, their results are not directly applicable to collisions involving
cometamateridimealysis of real lunar impashak es it possible
to estimdte ey parametétsat help constrain n  umerisiln  ulations.

In this review e address the observational aspects of meteoroid
impdkdshes on the dio Section 2 deals witthe detection of lunar
flashes during the 1999 Leonids. Time terpretation of the observations
is the subject of Section 3. We describe hdw estimdteninoefs
ficiencies, makistribution indices, impactmnssasd crater sizes.
In Section 4, somesults fram umericaln  ulations of hypervelocity
impaare presen  ted. Section 5 deals withe v arious conditions for
the visibility of metesio  wers on the Mo Finally , Section 6 is
devoted to calculating impadétection rates for the jomn ann ual
metesro  wers, witnphasia the forthcomihgonid sho wers.
Hints for successful observations are given throughout the paper.

2. Observation of the 1999 lunar Leonids

Nunsirical ~ ulations of the Leonid stream olution (McNaught and
Ashdf99, Bro  wif)99) suggested the possibilit y of stotey el ac-
tivity frothe sho  wer on November 18, 1999 at the tirmeéhehe
Earth was to cross the dust trail generated by 55P/Tealpl’  uttle in
1899. Ortiz et al. (1999) had previously pointed out that geometric
conditions would be favorable during the night of maximuwativit y.
Thesepectations prom pteel eral groups to monitidre nigh  t side
of the Moin searc  h for Leonid impachkoon after the 1999 Leonid
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578 BELLOT RUBIO ET AL.

Table 1.
Impact  Time (UTC) Magnitude Lunar position Observers
number Latitude  Longitude
1 03:05:44.89 +5 401N 651 W DP, DD
2 03:49:40.38 +3 3+1N 48+1W DP,DD, PS, RF
3 04:08:04.10 +5 1518 78+1W DP, DD
4 04:32:50.79 +4 213N 51+3W PS
5 04:34:49.52 +7 213N 38+3W PS
6 04:46:15.52 +3 14+£1N 711 W BC,DD
7 05:14:12.92 +6 151N 58%+1W PS, DD
8 05:15:20.92 +5 211N 594+1W PS, DD

stommterialized Earth, reports on the detection of lunar flashes

were issued (Duni@f). Althoughv eral 1 tmlescopes w  ere
scheduled for observing the dMoat CalAidbserv atory, Sierra
Nevada Observatory, and Teide Observatory (all three in Spain), bad
weather or technical probleprev  ented their use. Fortunately, positive

observations cafremalietescopes operated b y B. Cudr{ik 36
aperture, Colum  buslBifhas dMoun t Airy,
WMD), rankenberger (0.2 ivan An  tonioIBX),
Palm@.13 fireen belt AP Sada (0.2 Mon

terrey, México). At least eight impatashes w  ere videotaped by the
last four observers, all usiam&dHac hed to their telescopes.

For a complelescription of the observ  ations, we refer the reader to
Dunham et al. (2000) and Ortiz et al. (2000). Observers used different,
somatimes verlapping, fields of vieWhigned out to be useful for
confirmimgpdkdshes, but implidsat the individual observ ations
cannot be combined into a single analysis due to the different lunar
areas monitored.

Table I summtdrézebserv ational data for the eight light flashes
found by visual inspection of the tapes. Thest colungiv es the
initials of the observers wihecorded the flashes. Theairaxim um

magnitudes the w  avelength range 0.4 t0 0.9 umi) ere obtained from
compariswerithe signals of reference stars and should be accurate

to within £1™. Tdedenographic locations of the flashes in Dunham’s
records were determinbd y fitting the limb, and are uncertain by +1°.
Thecations of the impadadstected b y Sada were calculated by
mealsin ~ terpolation in tilet  ween two recognizable lunar features
that drifted withilhe field of vielwe to inaccurate trac king of the
telescope. Tdre  ents summarided able I were very brief. Thase
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Figure 1. Half-frame images of the five light flashes recorded by P.V. Sada on
November 18, 1999 (flashes 2,4,5,7, and 8 in Table I, respectively). These are 53 x 53
arcsec enlargements of the original 8 x 6 arcmin field of view.

mairdgen in half-fram@0167 s), the brigh test flashes showing
much fainter (typically 3-4 mag}erglo imwthe follo  wihglf-frame.
Alle impdtashes, except 4 and 5, w ere videotaped by at least

two independent observers. Both tinmeasd selenographic positions are
coincident, makimgtrong case that the flashes are indeed the result of
Leonids colliding withe dfio Alternativ e explanations not related
to meteorompadtslude cosmac vs and specular reflection of sun-
light framtificial satellites or space debris. Cemmic ys can be ruled
out because they usually affect a fegpixels of the detector, whereas
the observed flashes span a larger detector area. Anotheroof that
cosmic ys were not responsible for the flashes confeéhe fact that
Sada’s telescope was somelefeatused at the timethe t wo last
impacteithe result that the cen tral obstruction of the secondary
mirierlearly seen in the imagédg. 1). Taatureis v ery difficult
to explain in termf cosnrix ys hitting the detector. @he other
hand, the flashes occurred close to local midnight withe doat

high altitude above the local horizon, which strongly suggest that the
events are not due to objects in lowbit around the Earth. Moreo  ver,
Dunham et al. (2000) note that none of the knowrosync  hronous

satellites were near the Moat the timk the observ ations. These
considerations, together withe fact that the lunar Leonids peak ed
at about 04:0i4é1tding to n umeriealculations (Ashdf99),

provide coallpng evidence for the impamfigin of the flashes.

3. Analy«f the observ ations

Higheed collisions suc  h as those of meteoroigriking the Mo

are diffictlé reproduce in the laboratory because w e still do not
have meaofsaccelerating the required masdes v elocities typical of
meteoroidssesult, the ph ysics of hypervelocity impadgsstudied
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580 BELLOT RUBIO ET AL.

through both numerigiln  ulations and scaling of low-velocity exper-
iments. Thealysis of lunar flashes mak es it possible to improve this
situation by providing empirical alues of key parametatescribing
these events. In addition, light flashes allaw® to monitthe me-
teoroid population in a masenge hitherto unreac  hable fradarth
by conventional techniques. AHese adv  ances hinge on a relatively
accurate knowledgf the properties of the impactoragsdtably

their velocities and fluxes on Earth. Théegtion is dev  oted to providing
examptdsthe capabilities of the analysis of lunar flashes by focusing
on the inference of luminoafficienciéhe makistribution index of

the particles, impactmmssasd crater sizes.

3.1. DETERMINATION OF LUMINOEBFICIENCIES

For several reasons, a key parametarh  ypervelocity impadssthe lu-
minafliciency 1 —thaction of the initial kinetic energy con  verted
into radiation. Knowledggthis parametdto ws, for example,
estimatapactmassds. also permitlse inference of meteoroid

bulk densities by constraining theoretical impalets. Prior to 1999,

the emphasif n  umericin  ulations was on particles of asteroidal
comsftion mo  ving at several lem ~!. Idagding on the properties

of the projectile and target materiad hemicadastion, impact

velocity, etc), the resulting luminoefficiencies aried frolfi > to
1073 (Nemtchinov et al., 1998b). Very fein  ulations had been carried
out for particles of cometamnsition, and these w ere invariably re-

stricted to small elocities. Underc  h conditions, no reliable estimate
of nin impadts volving Leonid meteorowts as available prior to the
1999 return of the shower. In addition, theoretical dwets had sug-
gested that, for fixed velocities and meteordidlk densities, luminous
efficienciedgh  t depend on impactomiscidence angle, and ev en
the lunar relief (Nemtchinov et al., 1998a).

Clearly, theoretical dets ma y benefit frdmminoefficiencies
derived empirically. Undeertain conditions, it is possible to infer
reliable values of n frdine analysis of optical flashes on the Mo
This as done for the first tilne y Ortiz et al. (2000) and Bellot Rubio,
Ortand Sada (2000). Thasic idea is that the observ ed cumulative
number of impactithihe field of viemmhlatc h the expected
number only whele true lumincefficienisyused to calculate the
latter. For this methto w  ork, it is necessary to knahe meteoroid
flux on the dMoat the timlethe observ ations.
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The cumulative flux distribution of meteoroids of mass m is given

by X
F(m) = F(mo) | 2] ()

mo

where F'(m) represents the flux of particles whose mass is higher than
m, mg is the mass of a shower meteoroid producing a (terrestrial)
meteor of magnitude 46.5, and s is the so-called mass index. For
most meteor showers, both F'(mg) and s are well known from visual
observations on Earth.

Substituting m in Eq. 1 by 2E/V?2, with V the meteoroid velocity,
the cumulative flux of particles as a function of their kinetic energy F
can be written as

97s-1
F(E) = F(my) [m(;v ] o @)
On the other hand, the energy per unit area reaching the Earth can be

approximated by
E

Eq = W 7, (3)

where 7 is the luminous efficiency, and R is the Moon—-Earth distance.
The coefficient f describes the degree of anisotropy of light emission.
It should be 2 if light is emitted isotropically from the surface, or 4 if
light is emitted from very high altitude above the Moon’s surface.

The number of events above an energy per unit area F4 reaching
the telescope in a time interval At can therefore be expressed as

oA 2frR?]
N(E :/ Flmo.t) | 22250 | B A de, A
)= [ pn |HEEL o

where A is the lunar area perpendicular to the radiant direction within
the field of view. N(Fq), which depends on 7, is the quantity to be
compared with the observations.

Figure 2 presents the results of this method applied to the 1999
lunar Leonids (Bellot Rubio, Ortiz, and Sada, 2000). The flux profile
entering the calculations is taken to be gaussian in shape with a peak
of 10 km~2 hour™! and a FWHM of 45 min. The mass of a Leonid
meteoroid producing a meteor of magnitude +6.5 is mo = 2 x 1078 kg
according to Hughes (1987). For the mass index we use s = 1.83 in
the magnitude range —1 to +6 and s = 1.87 for brighter meteoroids.
Inspection of Fig. 2 reveals that the observational data at the high-
energy end are best matched by a luminous efficiency n = 2 x 1073,
We estimate this value to be uncertain by an order of magnitude or
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Figure 2. Comparison between observed (open squares) and expected (solid lines)
cumulative number of 1999 Leonid impacts as a function of the energy received on
Earth for several luminous efficiencies. From Bellot Rubio et al. (2000). Note that
some of the faintest flashes may have been missed (see text for details).

less (see the discussion in Bellot Rubio et al., 2000). In interpreting
Fig. 2 it is necessary to bear in mind that some faint flashes may have
been missed as they occurred near the sensitivity limit of the camera.
This probably accounts for the deviation of experimental points with
respect to the = 2 x 1073 curve at the lower-energy end. However,
such deviation might also reflect a possible variation of 1 with mass,
the smaller impactors converting less kinetic energy into light and vice
versa. Unfortunately, the small number of flashes available for analysis
implies that the issue of a possible mass dependence of n cannot be
settled at the moment.

The 1999 lunar Leonids demonstrate the feasibility of estimating
luminous efficiencies from real impacts. The value obtained so far,
n ~ 2 x 1073, applies only to Leonid meteoroids because 1 may be
highly dependent on velocity. It would be desirable to carry out the
same analysis for other meteor showers and impact geometries in or-
der to investigate the dependence of 1 on parameters such as velocity
and incidence angle. Other investigations appear to require similar or
slightly larger luminous efficiencies for explaining an additional impact
flash that might have occurred on the Moon in July 1999 (Ortiz et
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al., 2000), but lack of knowledge of the meteoroid velocity compli-
cates the interpretation to a large extent. The advantage of monitoring
the major annual meteor showers on the Moon is that the meteoroid
velocity is known from FEarth-based photographic observations. For
reliable inferences of the luminous efficiency, a statistically significant
number of events need to be accumulated. Systematic campaigns in-
volving telescopes of various sizes can certainly provide the necessary
observations.

3.2. DETERMINATION OF THE METEOROID MASS DISTRIBUTION

The Moon, as a huge collecting area, permits the detection of very
large particles in reasonable time intervals. This makes the characteri-
zation of such particles possible, thereby extending our knowledge of the
properties of meteoroid streams to the high-mass end. From sufficient
observational data it would be possible, for instance, to determine the
mass of the largest particles present in the dust trails that give rise
to meteor showers on Earth. Whipple’s (1951) comet model provides
an estimate of this limit as a function of certain comet and meteoroid
parameters (see also Jones, 1995), but testing this formulation empiri-
cally has proved difficult. Not only can the upper mass limit be obtained
from the analysis of lunar impacts, but also the mass index s describing
the meteoroid population according to Eq. 1. Very remarkably, the
inference of s is independent of n provided the luminous efficiency does
not vary with m. This makes it possible to estimate the mass index
directly from the observations without any explicit knowledge of 1. Such
a mass index may be necessary to evaluate Eq. 1 if the indices derived
from visual observations do not apply to the larger lunar impactors.
Equation 1, with the help of Eq. 3, can be rewritten as

F(m) = Plmo) |22 2 Fomo) [%} BT

By taking the logarithm of the above expression we arrive at
log F(Eq) = C + (1 — s) log Ey, (6)

where (' embodies constants that are not relevant for the analysis. From
this equation it is clear that the logarithm of the observed cumulative
number of impacts vs the logarithm of the energy received on Earth can
be fitted by a straight line whose slope yields the mass index s. Caution
must be taken in the analysis because the probability of detection of
flashes decreases with Fyq4. In particular, the true number of faint events
will be larger than the observed one. At present it is difficult to estimate
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Figure 3. Logarithm of the observed cumulative number of impacts vs. the logarithm
of Eq for the 1999 lunar Leonids. The straight line is the best fit to the points with
Eq > 2x107'2 J m™2. The statistics are poor, but the cumulative number of impacts
is reasonably well described by a mass index s = 1.6 + 0.1.

such detection probabilities, but a rigorous treatment must include a
proper correction, much as it is done in the analysis of visual meteor
observations (e.g., Koschack and Rendtel, 1990).

Figure 3 shows the logarithm of the cumulative number of impacts
as a function of log F/q for the 1999 lunar Leonids. In order to minimize
the effect of our lack of knowledge of detection probabilities, the fit is
performed only for the brightest events (Fgq > 2 x 1072 J m~?), that
is, those that cannot be missed because of their high signal-to-noise
ratios. Despite the small number of events available, the distribution is
well described by a mass index s = 1.6 & 0.1. This value is somewhat
smaller than the index s = 1.83 derived from the 1999 Leonid fireballs
in the magnitude range —1 to —6 (Arlt, et al., 1999), but the agreement
is remarkable in view of the limited data set on which our analysis is

based.

3.3. IMPACTOR MASSES
Once luminous efficiencies are known, impactor masses can readily be

obtained from Eq. 3 by inserting the measured value of F/q and noting
that £ = mV?/2. The mass of the Leonid meteoroids that produced
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the brightest lunar flash in 1999 turns out to be 4.9 kg if n = 2x 1073 is
assumed (Bellot Rubio, Ortiz, and Sada, 2000). Arguments supporting
the view that impactor masses are uncertain by less than a factor of 10
have been given by these authors. Such particles correspond roughly to
terrestrial Leonids of magnitude —10 according to Hughes (1987).

An additional, alternative method can be envisaged for determining
the total mass of the meteoroids striking the Moon. This technique
consists in the monitoring of the lunar sodium during moments of high
meteoroid activity to search for changes in the Moon’s tenuous sodium
atmosphere, which is believed to be partially maintained by impact-
driven vaporization of surface material (see, for example, Morgan et
al., 1989, and references therein). The usefulness of this method is
somewhat dependent on reliable models of the impact process as well
as on a detailed treatment of the dynamical evolution of sodium in the
lunar atmosphere. In spite of these difficulties, however, the method
shows great promise, as transient enhancements of atmospheric sodium
have already been detected at the time of the 1997 and 1998 Leonid
showers (Hunten et al., 1998; Verani et al., 1998; Wilson et al., 1999).

3.4. CRATER SIZES

Knowledge of impactor masses makes it possible to estimate crater
sizes. Although no experiments on hypervelocity impacts involving me-
teoroids such as those striking the Moon have been conducted, the
results of more conventional experiments can be scaled for a prediction
of crater diameters resulting from lunar impacts. Gault’s (1974) scaling
law for craters up to 100 m in diameter in regolith reads

D =0.25 p113/6pt—1/2 g~ 0-165 770.29 sin1/30, (7)

where D is the (transient) crater diameter, p, and p; are the projectile
and target bulk densities, respectively, g is the gravitational accelera-
tion, W is the impactor’s kinetic energy, and 6 the incidence angle with
respect to the vertical (all in mks units). For the Moon, appropriate
values are ¢ = 1.67 m s=2 and p; = 3000 kg m~>. Another estimate has
been provided by Schmidt and Housen (1987):

D= 7—0.26 m0.26 ‘/0.447 (8)

where m and V are the mass and speed of the impactor, respectively,
and

P)/ — 0‘3190.84 p50.26 p%.26 (Sin 45/8111 0)1.67‘ (9)

As pointed out by Melosh (1989), these formulae result in similar crater
diameters in spite of their different origins. This is especially true for
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small energy events, i.e., the case of meteoroids impacting the Moon.
However, they must be applied with care because they were obtained
for intermediate impact velocities of 10-20 km s~!.

Assuming a bulk density p, = 1000 kg m™, the above expressions
lead to crater diameters of 11 and 32 m, respectively, for the biggest
1999 Leonid impactor (m = 4.9 kg). With p, = 100 kg m™3, one
finds 7 and 27 m, respectively. Craters of this size are well below the
resolution capabilities of telescopes on Earth, but may be detected on
high resolution images by spacecraft orbiting the Moon. Three such
missions are scheduled for 2002 and 2003: ESA Smart 1 (about 50
m/pixel resolution), ISAS Lunar A, and ISAS Selene. Only in excep-
tional cases should we expect larger craters, as the diameter is mainly
determined by the velocity of the impactor and the Leonids possess the
highest speed among the various meteoroid streams.

4. Numerical simulations

The detection of Leonid flashes on the Moon has triggered some very
recent impact modeling efforts. Contrary to previous simulations, the
new ones include the basic properties of meteoroid particles (comet-like
composition, low density, high velocity, etc). The work of Artemieva,
Shuvalov, and Trubeskaya (2000) deserves special mention. These au-
thors simulated the vertical collision of Leonid particles on the Moon
by means of a 2D hydrodynamical code. Vertical instead of oblique
incidence was assumed on the basis of previous simulations where the
luminous efficiency did not vary much with the entry angle.

According to the results of Artemieva et al. (2000), the flashes are
mainly the result of thermal emission from hot plasma plumes created
by vaporized meteoroid and target material. The whole process takes
place on a very short time interval, of the order of 1073 s. The first
stage is characterized by the plasma being optically thick. The tem-
perature drops rapidly and the gas becomes optically thin, leading to
increased radiation fluxes. Artemieva et al. (2000) find some evidence
that meteoroid bulk densities of 100 kg m™ are to be preferred with
respect to 1000 kg m~2 in order to explain the observed duration of
the flashes. By integrating the radiative flux over time, they obtain
theoretical luminous efficiencies of 1072 for 1000 kg m~2 particles and
2 x 1072 for 100 kg m~> meteoroids. Moreover, the luminous efficiency
is found to vary little (to within 10-20%) with impactor mass.

The uncertainties in this kind of simulation may be reduced to some
degree by observational input. For example, the short duration of the
flashes suggests that Leonids are very low density meteoroids. Larger

bellot.tex; 6/09/2000; 19:23; p.12



METEOROID IMPACT FLASHES ON THE MOON h87

densities would lead to longer durations that are not consistent with the
observations. Another example comes from the remarkable similarity
between the luminous efficiencies resulting from the Artemieva et al.
simulations and the analysis of the 1999 lunar flashes by Bellot Rubio
et al. (2000). This agreement suggests that the experimental value of 5
is essentially correct (at least for the Leonid lunar impacts), which in
turn validates the results of the numerical calculations.

Impact flashes contain much more information than can be extracted
at the present time. The shape of the light curve is determined by,
among other factors, the chemical composition of the lunar soil and
the meteoroid. Obtaining such light curves with sufficient temporal
resolution would allow us to infer these compositions, but this is a
difficult observational endeavor due to the extremely short duration of
the flashes. Spectroscopic analyses of the radiation generated during
impacts are also of great interest for determining chemical composi-
tions. Advances in these directions can be expected in the future as
new instrumentation becomes available.

5. Detectability of impacts on the Moon

The probability of detecting optical flashes on the Moon at the time
of a meteoroid shower is determined by several factors, among them
geometrical conditions (position of the subradiant point on the Moon
and lunar phase), the specifics of the observational technique (telescope
optics and background illumination from the day side of the Moon),
and properties of the meteoroids themselves (such as particle speed and
spatial density). In this section we describe these contributing factors
in some depth.

5.1. GEOMETRIC CONSIDERATIONS

Not all meteoroids striking the Moon can be observed from Earth.
First, it is necessary that the subradiant point position on the Moon
allow impacts to occur on the lunar hemisphere facing the Earth. This
condition is always fulfilled unless the radiant lies at selenographic
longitude 180° and latitude 0°. However, the lunar area perpendicular
to the meteoroid direction (the quantity determining the efficiency of
the Moon as a particle collector) will decrease with increasing angu-
lar distance of the subradiant point to the Earth-facing hemisphere.
Second, it is necessary that impacts take place on the night side of the
Moon as seen from Earth. This constraint stems from the need of a high
signal-to-noise ratio for unambiguous detection of the light flashes.
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5.1.1. Subradiant point on the Moon

For a given shower, the selenographic coordinates of the subradiant
point (¢, A) are calculated from the equatorial coordinates of the ra-
diant («,d) as determined from Earth, the location of the Earth in
its orbit with respect to the Sun (via the solar longitude /), and the
location of the Moon with respect to our planet at the time of the
shower’s maximum activity. In order to simplify the calculations, we
make the approximations that the inclination of the lunar orbit to the
ecliptic is zero and that the rotation axis of the Moon points exactly
toward the ecliptic north pole. These approximations are reasonable
because the inclination of the mean lunar equator to the ecliptic is
of the order of 1.5° and will allow us to compute the position of the
Moon by using the lunar phase only. The first step is to transform
the equatorial coordinates of the radiant to ecliptic coordinates (/, b)
by means of standard formulae. Both [ and b define the direction of
the meteoroid trajectories in the vicinity of the Earth. The ecliptic
coordinates of the Earth are given by Ilg = lg + 180° and bg = 0°.
Finally, the position of the Moon with respect to the Earth is given by
the lunar phase angle y, defined to be zero at new Moon, 90° at first
quarter, and so on. Our simplifying assumptions imply that the ecliptic
latitude of the Moon is zero.

Figure 4 displays the encounter geometry. It is clear that the seleno-
graphic longitude of the subradiant point is ¢ = [ — [ — x, whereas
the selenographic latitude must coincide with the ecliptic latitude of
the radiant (i.e., A = b) because of our approximation that the lunar
equator has a zero inclination to the ecliptic. At this point we note
that selenographic longitudes are measured from the central meridian
counterclockwise as seen from the lunar north pole.

5.1.2. Lunar area subject to impacts
The total area of the night side of the Moon perpendicular to the mete-
oroid direction and visible from Earth, A, , is a measure of the efficiency
in detecting impacts. Other parameters have been proposed to indicate
how favorable the encounter geometry is (e.g., Beech and Nikolova,
1998), but A is more intuitive and useful for further calculations.
A, depends on the selenographic latitude A and longitude ¢ of the
subradiant point, as well as on the lunar phase. As before, we make the
simplifying assumption that the inclination of the Moon’s orbit to the
ecliptic is zero. Given the complex geometry, a fast and efficient way to
compute A is Monte Carlo simulations. Let zyz be a reference frame
with origin at the center of the Moon, the z-axis pointing towards
the Earth, and the z-axis pointing towards the ecliptic north pole.
This system defines the selenographic coordinates of any point on the
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Figure 4. Geometry for the calculation of the selenographic coordinates of the sub-
radiant point on the Moon. The Earth-Moon distance has been exaggerated for
clarity (indeed, the ecliptic longitudes of the Moon and the Earth are the same for
practical purposes). The selenographic coordinates refer to a cartesian coordinate
system centered on the Moon with the z-axis pointing to the Earth and the z-axis
to the ecliptic north pole. The meteoroid’s direction is indicated by the dashed lines.

Moon’s surface. Meteoroids strike the Moon homogeneously distributed
in planes perpendicular to the radiant direction. Hence, we define the
auxiliar coordinate system XY Z by rotating the xyz system until the z-
axis points toward the radiant. This is equivalent to a rotation of angle
@ around the z-axis and a rotation of angle § = 7 /2 — A around the y-
axis. In this coordinate system, we generate a sufliciently large number
of particles uniformly distributed in the XY plane and such that their
coordinates verify the condition X2 +Y? < 1. Next, the corresponding
(positive) Z coordinates are obtained by means of the equation of a
sphere. The set of XY Z coordinates represents the locations of particles
impacting the Moon. In order to compute Aj, it is necessary to know
how many such particles are visible from Earth. To that aim, the XY Z
coordinates are transformed back to the xyz system,

x cosfcosp —sin g sinfcosp X
y | = | cosfsiny cose sinésinp Y (10)
z —sin 6 0 cos @ A

and their selenographic longitudes calculated. Only those particles lying
on the night side of the Moon (i.e., whose longitudes are between that of
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the terminator and the non-illuminated limb) are counted. The number
of such particles over the total number of particles, multiplied by 7 R?
(with R the Moon’s radius), gives the lunar area of the night side of
the Moon perpendicular to the radiant direction. Note that optimum
geometric conditions (A = 0, ¢ = 0, and new Moon) imply A} = 7 R%.
This is the maximum cross-section of the Moon as a particle detector.
Obviously, the larger the value of A, the better the observability of
the shower from Earth. Throughout we have assumed the meteoroid
velocity is big enough (> 40 km s~!) so that no gravitational deflection
and focusing by the Moon or the Earth occurs. This is actually the case
for all meteoroid streams whose observation is of interest.

The method used to compute A, can be extended to derive the
lunar area perpendicular to the meteoroid direction within the field of
view, A, which is necessary for the calculation of the expected cumu-
lative number of impacts (Eq. 2) for a given telescope setup. Both the
position and size of the camera field of view need to be considered for
calculating A, but this is the only modification required to apply the
above procedure.

Increasing the detection rate may be achieved by centering the field
of view as close as possible to the subradiant point on the Moon while
keeping the terminator at the greatest distance possible, since this will
increase A. If the subradiant point lies on the hidden lunar hemisphere
(a situation often met), then the angular distance of the center of the
field of view to the subradiant point should be minimized. In that case,
observations near the limb are recommended.

5.2. SIGNAL-TO-NOISE CONSIDERATIONS

The signal-to-noise ratio (SNR) for the detection of an impact flash in
a single detector element is, approximately,

S 0.5mV2nrriQ (11)
- 1/2
N orrehy [95000mQ 4 g (1) + My (1) + 12

with n the luminous efficiency, R the Earth-Moon distance, m the
meteoroid mass, V the meteoroid speed, h Planck’s constant, v the
frequency of the radiation, () the quantum efficiency of the detector, My,
the Moon brightness (in electrons), R, the read-out noise (in electrons),
d. the dark current (in electrons), r the telescope aperture radius, and
t the integration time.

According to Melosh et al. (1993), a single element detector such
as a photomultiplier would be able to record impacts of meter-sized
meteoroids. They quoted a threshold sensitivity of 1076 W m~=2 for
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a photomultiplier coupled to a 1 meter telescope. CCD arrays are far
more sensitive because M), is considerably smaller in each pixel (due
to the small angular size of a single pixel compared to the photome-
ter’s aperture) and also because quantum efficiency is usually higher in
CCDs. For a typical image scale of 1 arcsec/pixel, M, is several orders
of magnitude smaller using CCDs than using a photometer with a 10
arcmin aperture.

The background brightness is mainly due to scattered light from
the Moon’s day side, but it also has a contribution from the Earth-lit
surface of the lunar night side, which is not completely dark. Scat-
tered light from the day side depends on the atmospheric conditions
at the observing site as well as on the optics of the telescope. For
typical observing conditions, with a lunar illumination of 20-30 per
cent, the brightness of the night side of the Moon is of order m, = 12
mag arcsec 2, but reaches brighter magnitudes as the lunar phase
increases. For the 1999 Leonid campaign, it was close to 8 mag arcsec 2.

The easiest way to increase the SNR is to decrease My,. This can
be achieved by using short integration times. Since the light flashes are
very brief (of the order of 0.02 s), reducing the exposure time results in
better SNRs because the signal is not modified. Obviously, the larger
the distance between the subterrestrial and subsolar points, the smaller
the background brightness. This means that the best viewing conditions
occur at new Moon, but the angular separation between the Moon
and the Sun is too small to allow observations. The optimum viewing
conditions are therefore those with the Moon being a few days before
or after new Moon, with phase angles between 70° and 90° or between
270° and 290°.

In addition, the SNR might be higher in the near infrared than in the
visible because more energy should be radiated as a result of the larger
plume size when the plasma is cold enough to emit in the near IR; that
is, the luminous efficiency should be higher. Another advantage of the
infrared is that the scattered radiation from the day side of the Moon is
lower than in the visible. The main drawback of infrared observations
is the fast variation of the sky brightness, which often shows significant
differences on time scales of the order of minutes.

5.3. OTHER CONSIDERATIONS

A number of additional factors influence the visibility of lunar impact
flashes. First, it is clear that the likelihood of detecting impacts depends
on the amount of energy released in the process. Impacts caused by
meteoroids moving at high speeds will be much easier to detect simply
because the energy reaching Earth goes as the velocity squared. Second,
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Table 1II.

Shower Max lo Radiant coordinates Vv s Fes s
(deg) o ) l b

QUA Jan 4 283.16 230 49 201 63 41 191 0.03

ETA May 5 45.5 338 =01 339 8 66 199 0.04
PER Aug 12 139.8 46 58 62 39 59 195 0.07
ORI Oct 21 208.0 95 16 95 07 66 2.06 0.01

LEO Nov 17 235.27 153 22 147 10 71 1.92 0.03
GEM Dec 13 262.0 112 33 109 11 35 195 0.06

it is necessary that the spatial density of meteoroids is sufficiently large
to ensure that particles will strike the Moon during the observations.
Not all meteor showers produce high fluxes of meteoroids, so monitoring
of the Moon is preferable when the major annual showers peak on
Earth.

Another consideration is integration time. Although the events are
bright (the magnitude of the brightest flash during the 1999 Leonids
was +3), the use of magnitudes can be misleading. Indeed, the optical
flashes are very intense, but only during extremely short time intervals.
It is therefore convenient to reduce the integration time as much as
possible in order for the background not to hide the signal coming from
the impact. In this regard, CCD video cameras or very fast readout
CCDs are necessary for increasing the detection probability.

6. Estimating impact detection rates

In this section we use the previous results for examining the observ-
ability of a number of annual showers on the Moon during the next
five years. The Quadrantids, n Aquarids, Perseids, Orionids, Leonids,
and Geminids have been selected because of their high velocity and/or
high flux of meteoroids. As mentioned before, high velocities imply
that more energy is radiated, making the light flashes easier to detect
from Earth. High fluxes mean more particles colliding with the Moon
and higher likelihood of observing impacts. Special attention is paid to
the forthcoming Leonid showers in view of the greatly enhanced fluxes
expected in 2001 and 2002.

Table Il summarizes basic observational parameters for the Quad-
rantids (QUA), eta Aquarids (ETA), Perseids (PER), Orionids (ORI),
Leonids (LEO), and Geminids (GEM) according to the IMO meteor
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shower working list (Rendtel et al., 1995). The second column gives the
date of maximum activity. Solar longitudes (/z, J2000.0) and radiant
coordinates refer to this date. V' is the meteoroid’s velocity, s the mass
index in the visual range, and Fg5 the maximum flux of meteoroids
brighter than magnitude +6.5 in km=2 h=1,

From the values of s and Fgs, it is possible to estimate the num-
ber of events detectable from Earth during one our of observing with
different instruments. Table I1I shows the results for 0.2 m f/10 and 1
m f/2 telescopes (columns Ny and Ny, respectively) assuming that the
lunar area perpendicular to the meteoroid’s direction within the field
of view is A ~ 10° km?. These figures have been computed according to
Equation 2 with = 2x 1072 and threshold energies taken from Fig. 5.
It is very important to stress here that the number of events is strongly
dependent on the value adopted for s. The mass indices quoted in Table
IT refer to the average value of s during the period of shower activity,
but very often s decreases at the time of maximum activity. Smaller
mass indices mean that large particles are more abundant, leading to
increased detection rates. For this reason, values in Table III must be
taken as rough lower limits. According to our estimates, one may expect
of the order of 4-11 and 1-2 impact flashes per hour in the field of view
during the Quadrantid, Perseid, and Geminid maxima with 1 m f/2
and 0.2 m f/10 telescopes, respectively.

In order to quantify the visibility of the showers in terms of A,
the time of maximum activity is calculated from the solar longitude
ls for each year from 2001 to 2005. The phase of the Moon at that
time is also computed to derive the selenographic coordinates of the
subradiant point. The results are presented in Table IV. The fifth and
sixth columns give the selenographic latitude and longitude of the sub-
radiant point at the time of maximum activity. x is the lunar phase (0°
for new Moon, 90° for first quarter Moon, 180° for full Moon, and 270°
for last quarter Moon). A} (normalized to 7 R?) varies from 0 (impacts
not visible) to 1 (best geometrical conditions). For comparison, A
was 0.44 7 R? at the time of the 1999 Leonid shower maximum (with
[ = 147.7°, b = 10.2°, 5 = 235.367°, and y = 111.8°). The data for
the 2001 and 2002 Leonids refer to the peak times on Earth predicted
by McNaught and Asher (1999) plus the time needed by the Moon to
reach the same ecliptic longitudes (2.5 h in 2001 and 0.5 h in 2002).

Favorable conditions will occur for the showers whose A values
are in bold type. Normally, showers with very high A values occur
near new Moon. They are of no interest because the Moon cannot
be observed for a long time under dark skies. The best geometrical
conditions occur for the Quadrantids in 2001, for the Perseids in 2002
and 2005, for the Orionids in 2001 and 2004, for the Leonids in 2001
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Table I1I.

Shower N1 Ns Shower N1 Ns
QUA 7.7 1.8 ORI 0.06 0.01
ETA 0.9 0.2 LEO 2.4 0.6
PER 4.1 0.9 GEM 10.7 2.3

and 2004, and for the Geminids in 2002. The visibility of n Aquarid
impact flashes on the Moon is not good in any year except perhaps
2001.

6.1. EXPECTED DETECTION RATES FOR THE 2001 LEONIDS

According to McNaught and Asher (1999), the Earth-Moon system will
cross in 2001 the dust trails generated by comet Tempel-Tuttle nine
and four revolutions ago. Maximum activities are somewhat uncertain
at the moment, but ZHR values of about 15000 for each trail have
been suggested. The closest approach of the Earth to the two trails is
predicted for November 18, 2001 at 17:31 and 18:19 UT, respectively.
The Moon will reach the same ecliptic longitudes about 2.5 hours later.
As can be seen in Table IV, the lunar phase will be 42°, while geometric
conditions are rather favorable with A, = 0.50 #R?. This makes the
2001 Leonid shower an excellent candidate for producing lunar impact
flashes. Europe is badly placed because the maximum will occur at
moonset or later, whereas Brazil is probably the best location for
recording the peak with the Moon at a sufficient altitude above the
horizon. Even if the Moon cannot be observed from a given location
at the time of maximum activity, observations before or after the peak
will be very valuable, as some impacts might still be detected (see Table
111 for detection rates of Leonid flashes under non-storm conditions).
In any case, the Moon will be in a dark sky for a short time period, so
infrared observations may be advantageous.

Figure 5 shows the cumulative number of impacts detectable from
Earth per hour of observation of a lunar area of 10° km?, as a function
of the energy reaching Earth. The lunar area of 10° km? is in the
direction perpendicular to the radiant; this area is close to that observed
using a conventional CCD video camera attached to a 0.2 m, f/10 tele-
scope aimed at the subradiant point on the Moon. The three curves
are predictions for several luminous efficiencies (5 x 1073, 2 x 1073,
and 1073). The vertical lines represent the sensitivity thresholds of
different telescopes. Asterisks mark the predicted cumulative number
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Table IV.
Shower Year Date Hour Subradiant X Al
UT) A (deg)  (xeR)
QUA 2001 Jan 3 12 63 1 97.3 0.33
2002 Jan 3 18 63 —144 241.9 0.08
2003 Jan 4 00 63 85 13.4 0.45
2004 Jan 4 06 63 —49 146.8 0.16
2005 Jan 3 12 63 —169 266.8 0.12
ETA 2001 May 5 23 08 —48 272.3 0.13
2002 May 6 06 08 —178 53.7 0.00
2003 May 6 12 08 57 188.7 0.30
2004 May 5 18 08 -7 317.9 0.00
2005 May 6 00 08 144 83.1 0.10
PER 2001 Aug 12 12 39 —170 272.3 0.04
2002 Aug 12 18 39 48 53.7 0.40
2003 Aug 12 23 39 —87 188.7 0.00
2004 Aug 12 06 39 144 317.9 0.17
2005 Aug 12 12 39 19 83.1 0.38
ORI 2001 Oct 21 09 -7 11 56.2 0.69
2002 Oct 21 15 -7 —114 180.8 0.00
2003 Oct 21 21 -7 114 313.0 0.30
2004 Oct 21 03 -7 —26 92.6 0.64
2005 Oct 21 09 -7 —160 226.1 0.00
LEO 2001 Nov 18 20 10 49 41.6 0.50
2002 Nov 19 11 10 —83 173.1 0.06
2003 Nov 18 02 10 170 282.3 0.01
2004 Nov 17 08 10 28 64.4 0.48
2005 Nov 17 14 10 —105 197.9 0.00
GEM 2001 Dec 13 23 11 38 348.4 0.89
2002 Dec 14 06 11 —92 118.7 0.42
2003 Dec 14 12 11 142 244.4 0.11
2004 Dec 13 18 11 4 22.9 0.94
2005 Dec 14 00 11 —133 159.3 0.11

of detections using the different instruments. Note that 1 m f/10 tele-
scopes would record a smaller number of flashes because the total area
comprised in the field of view is considerably smaller than with the
other instruments. For these calculations a background brightness of
12 mag arcsec™? and a cumulative flux of 10 meteoroids km=2 h=!

bellot.tex; 6/09/2000; 19:23; p.21



596 BELLOT RUBIO ET AL.

1000 T T T TT
3 i £/10 |
Eé 800 0.2-m |
2 L telescope 4
g I ]
S L 4
Q
& 600 .
) L i
fla]
S L i
g L i
L 400 .
> L i
) L |
=
= L i
g 200 .
=] L i
O |- \ -
ol i — ‘ a
10—15 10—14 10—13 10—12

Energy per unit area reaching Earth (J/m?)

Figure 5. Expected number of detections of 2001 Leonids during one hour of ob-
serving for several telescopes and luminous efficiencies (solid lines). The sensitivity
thresholds of the different telescopes are indicated by the vertical lines. They have
been obtained assuming typical values of quantum efficiency, readout noise, etc.
The actual number of detections depends on the field of view of the telescope, and
is represented by asterisks. A Leonid flux of 10 km™ h™', equivalent to ZHRs of
about 30000 on Earth, and s = 2.0 have been used for the calculations.

with masses higher than 0.02 mg have been assumed. This flux would
be equivalent to a zenithal hourly rate of roughly 30,000 on Earth.
The calculations can be scaled to different areas and different fluxes by
simply multiplying the curves by the appropriate factor. With small 0.2
m telescopes, up to 40 impact flashes can be expected within the field
of view during one hour of observing. The number of flashes increases
for 1 m telescopes at f/2. These may record up to 150 flashes in one
hour if the flux of Leonid meteoroids reaches the predicted value.

7. Concluding remarks

The 1999 lunar Leonids have demonstrated that CCD cameras attached
to telescopes of even 0.2 m in diameter can successfully detect light
flashes of meteoroids impacting the Moon. Careful analyses of the
observations provide a great deal of information on the physics of hyper-
velocity impacts and the properties of meteoroids and meteor streams.
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The new technique, however, still awaits full exploitation. Observations
with different telescope setups and in different wavelength ranges will
certainly increase the number of events available for analysis. Only
when a sufficiently large database has been accumulated will the inves-
tigation of topics such as the dependence of the luminous efficiency on
velocity and mass be possible.

Almost all meteor showers visible from Earth can be observed on
the Moon. However, it is necessary that the flux of particles and the
meteoroid velocity be large enough to ensure high detection rates. As
a consequence, only the major annual showers deserve close scrutiny.
We have described in detail the various conditions for the visibility
of impact flashes on the Moon with a view to provide predictions for
the next few years. The most promising showers are the Quadrantids
in 2001, the Perseids in 2002 and 2005, and the Geminids in 2002.
No doubt, the 2001 Leonid return will be the best candidate if the
meteoroid flux turns out to be as high as expected. Concerning the
2002 Leonid shower, a nearly full Moon along with very bad geometric
conditions will render any observational effort almost worthless.

Acknowledgements

We would like to thank David Martinez-Delgado and Terry Mahoney
for their careful reading of the paper and Pere Lluis Pallé for his
continuous support. This work has been partially funded by project
ESP97-1773-C03-01 and by the Instituto de Astrofisica de Canarias
under project 310400. Fditorial handling: Peter Jenniskens.

References

Arlt, R., Bellot Rubio, L.R., Brown, P. and Gyssens, M.: 1999, WGN, Journal of
the IMO 27, 286-295.

Artemieva, N.A., Shuvalov, V.V., and Trubeskaya, I.A.: 2000, Lunar Planet. Sci.
Conf. 31, Abstract 1402.

Asher, D.J.: 1999, TAUC, 7320.

Beech, M. and Nikolova, S.: 1998, Nuovo Cimento 21C, 577-581.

Beech, M. and Nikolova, S.: 1999, Meteoritics & Plan. Scti. 34, 849-852.

Bellot Rubio, L.R., Ortiz, J. and Sada, P.V.: 2000, Astrophys. Journal Letters,
submitted.

Brown, P.: 1999, PhD Thesis. University of Western Ontario, Canada.

Dunham, D.W.: 1999, TAUC, 7320.

Dunham, D.W., Cudnik, B., Palmer, D.M., Sada, P.V., Melosh, H.J., Beech, M.,
Frankenberger, R., Pellerin, L., Venable, R., Asher, D., Sterner, R., Gotwols, B.,
Wun, B., and Stockbauer, D.: 2000, Lunar Planet. Sci. Conf. 31, Abstract 1547,
2000.

bellot.tex; 6/09/2000; 19:23; p.23



598 BELLOT RUBIO ET AL.

Gault, D.E.: 1974, in R. Greeley, P.H. Schultz (eds.), A primer in lunar geology,
NASA Ames, Moffet Field, p. 137-175.

Hughes, D.W.: 1987, Astron. Astroph. 187, 879-888.

Hunten, D.M., Sprague, A.L., and Cremonese, G.: 1998, Bull. Am. Astron. Soc. 30,
1115-1115.

Jones, J.: 1995, MNRAS 275, 773-780.

Kadono, T. and Fujiwara, A.: 1996, J. Geophys. Res. 101, 26097-26109.

Koschack, R. and Rendtel, J.: 1990, WGN, Journal of the IMO 18, 44-58 and
119-140.

McNaught, R.H. and Asher, D.J.: 1999, WGN, Journal of the IMO 27, 85-102.

Melosh, H.J.: 1989, Impact Cratering: A Geologic Process., Oxford University Press,
New York, 120-121.

Melosh, H.J., Artemieva, N.A., Golub, A.P., Nemtchinov, [.V., Shuvalov, V.V., and
Trubetskaya, [.A.: 1993, Lunar Planet. Sci. Conf. 24, 975-976.

Morgan, T.H., Zook, H.A., and Potter, A.E.: 1989, Lunar Planet. Sci. Conf. 19
297-304.

Nemtchinov, I.V., Shuvalov, V.V., Artemieva, N.A., Ivanov, B.A., Kosarev, [.B., and
Trubetskaya, [.A.: 1998a, Astr. Vest. 32, 116-132.

Nemtchinov, I.V., Shuvalov, V.V., Artemieva, N.A., Ivanov, B.A., Kosarev, [.B., and
Trubetskaya, [.A.: 1998b, Lunar Planet. Sci. Conf. 29, Abstract 1032

Oberst, J. and Nakamura, Y.: 1991, lcarus 91, 315-325.

Ortiz, J., Aceituno, F.J. and Aceituno, J.: 1999, Astron. & Astrophys. 343, L57-L60.

Ortiz, J., Sada, P.V., Bellot Rubio, L.R., Aceituno, F.J., Aceituno, J., Gutiérrez,
P.J., and Thiele, U.: 2000, Optical detection of meteoroidal impacts on the Moon,
Nature, in press.

Rendtel, J., Arlt, R., and McBeath, A.: 1995, Handbook for Visual Meteor
Observers., International Meteor Organization, Potsdam (Germany), 280-281.

Schmidt, R.M. and Housen, K.R.: 1987, Int. J. Impact Fng. 5, 543-560.

Schultz, P.H.: 1996, J. Geophys. Res. 101, 21117-21136

Verani, S., Barbieri, C., Benn, C., and Cremonese, G.: 1998, Planet. Space Sci. 46,
1003-1006.

Verani, S., Barbieri, C., Benn, C., Cremonese, G., and Mendillo, M.: 1999, Obser-
vations of the Lunar Sodium Atmosphere during the 1999 Quadrantid Meteor
Shower., DPS Meeting 31, Abstract 38.01

Westfall, J.E.: 1997, Worthy of Resurrection: Two past ALPO Lunar Projects.,
ALPO Monograph No 7

Whipple, F.L.: 1951, Astrophysical Journal 113, 464-474

Wilson, J.K., Smith, S.M., Baumgardner, J., and Mendillo, M.: 1999, Geophys. Res.
Let. 26, 1645-1648.

bellot.tex; 6/09/2000; 19:23; p.24



